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Dynamics of Magnetization for a System (5=3)
with Strong Uniaxial Magnetocrystalline
Anisotropy

MASAMICHI NISHINO, HIDEMI NAGAO, YASUNORI YOSHIOKA
and KIZASHI YAMAGUCHI

Department of Chemistry, Graduate School of Science, Osaka University,
Toyonaka 560-0043, Japan

We study the classical and the quantum mechanical dynamics of the magnetization for a
model system (§=3) with strong uniaxial magnetocystalline anisotropy. The characteristic
features of the hysteresis loop and the dependence of the staircase structure on the field
sweep rate are discussed and a suitable sweep rate for observing many quantum steps is pro-
posed.

Keywords: staircase structure; hysteresis; non adiabatic transition; quantum tunneling; time
dependence of magnetization; uniaxial magnet

INTRODUCTION

Recently, considerable effort has been devoted to the study of magnetic quan-
tum tunnelling (MQT)!"'?. Especially, manganese cluster (Mn,,-Ac) has been
the subject of much experimental and theoretical work. Magnetization hyster-
esis is a familiar macroscopic phenomenon in the behavior of magnetic materi-
als. But until recent years no one had ever seen quantum steps in a hysteresis
loop. The Mn ,-Ac cluster'"'has the net spin S=10 and is oriented along the c-
axis of the tetragonal unit cells as a result of its strong uniaxial magnetocrytalline
anisotoropy. A magnetic field applied along the c-axis makes one of the two
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anisotropy wells energetically metastable. Due to strong uniaxial
magnetocrytalline anisotoropy"%, the system shows a clear magnetization hys-
teresis loop. In addition, the hysteresis loops have a distinct staircase struc-
ture!*>18). Hysteresis is observed below blocking temperature and the relaxation
time obeys an Arrhenius law at first stage as the temperature decreases. At
lower temperatures, however, the relaxation time does not freeze out, but be-
haves independently of temperature. It has been interpreted as possible evi-
dence of MQT of the spin in these high-spin molecules.

The following spin Hamiltonian has been proposed for this system in label-
ing the easy-magnetization axis of the crystal z'* 9,

~

H= -DS'~gwS+h = -DS ~S.H (1)

or H= -DS*-guSh +H = -DS}-SH +H, )
where h is the external magnetic field, gy, is the gyromagnetic ratio of the

electron and D is the uniaxial anisotropy energy constant. H isa perturbation
which does not commute with §,.

We investigate the classical and the quantum mechanical dynamics of the
magnetization for a model system (5§=3) with strong uniaxial magnetocystalline
anisotropy. We perform a Monte Carlo simulation for the classical model sys-
tem using the hamiltonian (1), and show magnetization hysteresis loops. The
behavior of hysteresis is examined with the dependence on parameters D and T
(temperature). We also study the time dependence of the magnetization which
is abtained from the solution of the time-dependent Schridinger equation, where
the hamiltonian (2) is adopted, and present the correlation between staircase
structures and field sweep rates in the view of the Landau-Zener tunneling pic-
ture,

Theoretical Back Ground and Method
Let us consider a model system (§=3) described by Eq. (1) or (2). In the

absence of an external magnetic field, the system has pair of degenerate poten-
tial wells. When an external field is applied in the positive z direction, the
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degeneracy is broken and the energy levels for m > 0 sink deeper, while those
in the other well rise. When two levels on opposite sites of the potential barrier
have the same energy, quantum tunneling between them becomes strongly en-
hanced, which is often called resonant tunneling.

Recently H. De Raedt, S. Miyashita and coworkers showed that the
Landau-Zener tunneling picture correctly describes the time dependence of the
magnetization of a uniaxial magnet on a slowly changing applied field'>#\. In
this study we use the same methodology and investigate the time dependence
of the magnetization of quantum spin system with strong uniaxial
magnetocrystalline anisotropy (S=3).

First we consider the classical system described by Eq. (1). Using a Monte
Carlo simulation, we observed the statistical average of magnetization for 1000
sites imposing a field parallel to z axis. The applied filed H starts from 3.2,
where the initial state is made to be the equilibrium state, decreases to -3.2 and
returns to the initial value 3.2. In this process H is changed by 0.1 after 30
Monte Carlo steps proceed. The following three cases are adopted; A(D=0.7,
T=1.0), B(D=0.7, T=0.5), and C(D=1.0, T=1.0), taking k , = 1.

Next we study the quantum mechanical dynamics of the magnetization.
Here transverse field I' is introduced as a perturbation in Eq. (2) to observe the
effect of a quantum fluctuation, and this perturbation term induces tunneling.

H=-DS!-SH+ ST 3
In Fig 1. we present the energy levels of this model as a function of the applied
field H for D=1 and I'=0. In the case of I'# 0 each crossing point becomes
avoided and near this point Landau-Zener transition probability p has some
value and the quantum tunneling can occur. Making use of this picture,
staircase structures will be observed. The time dependence of the
magnetization is obtained from the solution of the time-dependent Schrédinger
equation. The applied field is changed from H=6 to -H =-6 gradually at a
constant field sweep rate c:

Ht)=H,~-ct. “4)
Assuming that ¢ is the number of steps used in a simulation, c is defined as
2H,/t 1f T is not so large, the ground state for H=6 can be considered as the
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eigenstate of S, ie.,m=3. This point is chosen as the starting point in the
following simulation and referred to s shown in Fig. 1. We observe the
magnetization <M, (2)> and the correlation between the magnetization and the
sweep rate. We take £=1 as a unit of energy and fix D=1 and I'=0.5.

Results and Discussion

Fig. 2 and 3 show the hysteresis loops for cases A and B, respectively, where M
means the statistical average of the magnetization per site. A characteristic
feature of these hysteresis curves is observed in the difference of the coercive
fields H, which are the external fields necessary to return the magnetization to
zero. In adopting lower temperature of case B, H_is larger and the hysteresis
becomes clear. Choosing larger D has the same effect. In fact, for case C the
hysteresis loop is found to be very similar to case B. We actually confirmed
that low temperature and large D are necessary conditions to show a clear hys-
teresis.

In the quantum mechanical treatment, we performed simulations for sweep

FIGURE | Energy levels of the model described by Eq. (3) as a func-
tion of the applied field for D=1 and I'=0.
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FIGURE 2 Hysteresis loop obtained by a Monte Carlo simulation for

case A.
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FIGURE 3 Hysteresis loop obtained by a Monte Carlo simulation for

case B.
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rates ¢=1.25x107, 5.0x10°%, 5.0x10°%, 1.0x10?, and 1.0x10%. If we consider
only two states m and m', according to the Landau-Zener theory, the probabil-
ity p of changing the state from m to m' such as s ---->a throughout u, etc.,
shown in Fig. 1 is given by

p=1 —exp(—(AE)2 /d) s (9

where AF is the energy splitting at the crossing point and d is proportional to
the sweep rate c.

Figure 4 shows the staircase structure of magnetization for the sweep rate
c=1.25x107, Because of a very slow sweep rate, p is almost 1 at the first
crossing point u. It is found from Fig. 4 that the state of this system changes
adiabatically and the final state becomes the ground state for H=-6. For faster
sweep rate non adiabatic transition begins to occur and another route s ---->u
----> v can be added besides the path s ----> u ----> a. In Fig. 5 two steps are
appeared at H=0 and H=-1. The first step at H=0 means that the tunneling
occurs in rather lower probability p. The residual probability corresponds to the
path s ----> v ----> b. There exists little probability for the path s ----> v ---->w
because <M> for H=-6 is almost -2. From Fig. 6 it is concluded that for
¢=5.0x10" one process is dominant: s ---->v ----> b. In Fig. 7 for ¢=1.0x10*
there exist two steps, where § ----> v ---->b and s ----> w ----> ¢ processes
occur simultaneously. In the case of ¢=1.0x10"? one process is dominant: s --
-->w ----> ¢ as shown in Fig. 8.

It is important to note that the sweep rate changes the tunneling probability
and that the tunneling probability at each crossing point is generally different
from one another even if the sweep rate is fixed. Therefore, various staircase
structures could be possible in changing the external parameter. From above
analysis, the tunneling probability becomes larger as its corresponding cross-
ing point is located on lower H for a constant sweeping rate. All the possible
quantum steps will be scarcely observed if the sweep rate is constant during a
sweep, which is adopted throughout our study. Choosing the sweep rate suit-
ably at each external filed H, where the rate has time dependence, this observa-
tion could become possible. By making the sweep rate slow at the beginning of
a sweep and accelerating this rate with time or sweeping, more complex stair-
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FIGURE 4 Staircase structure of magnetization for the sweep rate
c=1.25x107.
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FIGURE 5 Staircase structure of magnetization for the sweep rate
c=5.0x10°.
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FIGURE 6 Staircase structure of magnetization for the sweep rate
c=5.0x10",

2t ]
3F ]
" Lo — L i L b
-6 -4 -2 0 2 4 6
H

FIGURE 7 Staircase structure of magnetization for the sweep rate
c= 1.0x103
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case structures with many quantum steps could be obtained. For example the
sweep rate should be changed as 5.0x10¢ ----> 1.0x10? ----> in this study.
We neglected the thermal noise effect in the quantum mechanical treatment
and focussed on the qualitative discussion of MQT. A quantitative treatment
and a study of thermal noise effect will be performed in the future.

Concluding Remarks

We confirmed the characteristic features of the hysteresis foop with the depen-
dence on parameters T and D in a Monte Carlo simulation for a classical model
(8=3). Low temperature and large D are necessary conditions to show a clear
hysteresis. Staircase structures with many steps would be observed by choos-
ing the sweep rate suitably at each external filed &, which comes from the
quantum mechanical treatment. In reducing the applied magnetic field from
maximum value, small sweep rate should be kept at first stage and the sweep
should be accelerated gradually as the filed decreases.
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FIGURE 8 Staircase structure of magnetization for the sweep rate

c=1.0x10%



Downloaded by [University of Haifa Library] at 10:21 17 August 2012

602/[1314] MASAMICHI NISHINO et al.

The authors would like to thank Professor S. Miyashita for his suitable advice.

The present work was supported by Grant-in-Aid for Scientific Research on
Priority Areas (No. 10149105 " Metal-assembled Complexes”, No. 283,
"Innovative Synthetic Reactions”, and No. 10146255) from Ministry of

Education, Science, Sports and Culture of Japan. M.N. was also supported by

the Research Feliowships of the Japan Society for the Promotion of Science for

Young Scientists.

References

{1
{21
(3]
(4]

(51
[6]
71
{8]
91
(10§
[}
[12]
{13

[14]
{15]

[16]

(17

L18]

[19]
[20]
[21]

[22]
[23]

A. O. Calderia and A. J. Leggett, Phys. Rev. Lert., 46,211 (1981).
M. Enz and R. Schilling, J. Phys. C: Solid State Phys., 19, L711 (1986).
J. L. van Hemmen and A. Siitd, Europhys. Lett., 1, 481 (1986).

A.J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher, A. Garg, and W. Zwerger,
Rev Mod. Phys., 59, 1 (1987).

E. M. Chudnovsky and L. Gunther, Phys. Rev. Lett., 60, 661 (1988).

D. D. Awschalom, D. P. DiVincenzo, and J. F. Smyth, Science, 258, 414 (1992).
1. von Delft and C. L. Henley, Phys. Rev. Lett., 69, 3236 (1992).

D. Loss, D. P. DiVicenzo, and G. Grinstein, Phys. Rev. Lett., 69,3232, (1992).
D. Garcia-Pablos, N. Garcia,and H. De Raedt, Phys. Rev. B, 58, 931 (1997).

E. M. Chudnovsky, Science, 274,938 (1996).

P. C. E. Stamp. Nature, 383, 125 (1996).

D. A. Garanin and E. M. Chudnovsky, Phys. Rev. B., 56, 11102 (1997).

R. Sessoli, H.-L. Tsai, A. R. Schake, S. Wang, J. B. Vincent, K. Folting, D.
Gatteschi, G. Christou, and D. N. Hendrickson, J. Am. Chem. Soc., 115, 1804 (1993).

1. Y. Korenblit and E. F. Shender, Sov. Phys. JETF, 48, 937 (1978).

J. R. Friedman, M. P. Sarachik, J. Tejada and R. Ziolo, Phys. Rev. Lett., 76, 3830
(1996).

L. Thomas, F. Lionti, T. Ballou, D. Gatteschi, R. Sessoli, and B. Barbara, Nature, 383,
145 (1996).

J. M. Herndndez, X. X. Zhang, F. Luis, J. Bartolomé, J. Tejada, and R. Ziolo, Europhy.
Lett., 35, 301 (1996).

J. M. Hernandez, X. X. Zhang, F. Luis, J. Tejada, J. R. Friedman, M.P. Sarachik, and R.
Ziolo, Phys. Rev. B., 55, 5858 (1997).

S. Miyashita, J. Phys. Soc. Jpn., 64, 3207 (1995).
S. Miyashita, J. Phys. Soc. Jpn., 65, 2734 (1996).

H. De Raedt, S. Miyashita, K. Saito, D. Garcia-Pablos, and N. Garcia, Phys. Rev. B, 56,
11761 (1997).

C. Zener, Proc. R. Soc. London Ser. A, 137, 696 (1932).
L. Landau, Phys, Z. Sowjetunion, 2, 46 (1932).





